Abstract. The suppression of electromagnetic interferences (EMIs
Introduction
Modern wireless devices have the ability to support multi-standard operations, while their sizes must be small. As a result, compact wideband or multiband printed antennas are suitable and strongly required to support such devices. Obviously, the conventional printed antennas operate within a confined bandwidth. Many techniques are used to expand the operating bandwidth of printed antennas. For example, the curvature or taper structure was introduced to design the radiating elements in [1] , [2] , while an asymmetrical feeding line was also used in [3] . Due to the fact that modern wireless devices can support multi-standards occupying wideband or multiband frequency spectrums, the electromagnetic interference (EMI) appearance becomes a major problem. In order to mitigate the EMIs, printed broadband or ultra-wideband antennas with band notches are very attractive from a design perspective. Various techniques are employed for EMI reduction such as the uses of narrow slits, parasitic strips, and resonator techniques [3] [4] [5] [6] [7] [8] [9] [10] [11] . Although these printed monopole antennas have the ability to reduce EMIs, many antennas [3] , [7] [8] [9] [10] [11] were designed by using both sides of the substrates. This may lead to complicated implementation, especially when used with other RF devices.
By determining the radiating elements and feeding parts separately, a higher degree of freedom for designing the printed slot antenna is given. Because of this, the printed slot antenna is very attractive for use with many wireless applications. Various shapes of both slots and feeding parts can be used to easily achieve broad bandwidth operations. For example, the trapezoid slot structures with various exciting stubs were employed to design printed slot antennas [12] [13] [14] , resulting in extremely large impedance bandwidths. The semi-elliptic slot ground plane with a semi-ellipse patch was also proposed for wideband operation [15] . Additionally, slot antennas with notchedband in [16] were proposed using either narrow slits or strips for only single frequency rejection. Recently, the UWB antenna in [17] was designed using a narrow slit embedded into the exciting patch and an L-shaped shorting stub on the ground plane. However, all of these antennas used both metallic sides of the substrates, resulting in very complicated structures and high cost.
For general indoor wireless communications, WLAN is popular and is widely used. This system supports the IEEE802.11b/g/a standards. However, it cannot connect to broadband Internet directly. This weakness is solved by using the worldwide interoperability of microwave access (WiMAX) systems due to broadband Internet connecting ability. WiMAX is determined to operate with the IEEE802.16e standard, known as mobile WiMAX. Clearly, the operating frequency bands of 2.4 to 2.48 GHz, 5.275 to 5.375 GHz and 5.725 to 5.85 GHz are allocated for WLAN and 2.5 to 2.69 GHz, 3.4 to 3.7 GHz and 5.15 to 5.85 GHz are determined for WiMAX. It can be seen that these operating bands are close together and some bands overlap. All of the operating frequencies can be arranged into three bands: 2.4 to 2.69 GHz, 3.4 to 3.7 GHz and 5.15 to 5.85 GHz. Therefore, an antenna must be designed to cover the entire bands of the WLAN/WiMAX operations. Recently, many multiband and wideband CPW-fed slot antennas have been proposed [18] [19] [20] [21] . The antenna in [18] was designed using a parasitic line surrounding the fractal stub for undesired frequency rejection. This antenna is of a large size and it is difficult to control the notched bandwidth. The CPW-fed Koch fractal slot antenna with an embedded slot on the tuning stub was also proposed for dual band operation [19] . Due to the small space on the stub, the number of embedded slots is limited, resulting in narrow tuning ranges of the notch. In [20] , the tri-band printed slot antenna for WLAN/WiMAX was proposed. This antenna used inverted-L strips to generate two resonant modes for wider bandwidth and the meandering split-ring slot on Y-shaped monopole to generate a band notch at 3 GHz. Again, due to the small space for the split-ring slot, the tuning for the notched band is very limited. Moreover, the higher operating bands of 5.275-5.375 GHz and 5.15 to 5.85 GHz are not covered for WLAN and WiMAX operations, respectively. It is clearly seen that the mentioned techniques could be employed to achieve notched bands for EMI reduction. However, using those techniques has the main disadvantages of narrow notched bands and limited notched frequency ranges. In order to overcome these problems, a combination of narrow slits and strips on the wideband slot antenna could be employed to reduce the EMIs on the out-of-band operations.
Therefore, this paper proposes a trapezoid slot antenna to achieve broad bandwidth. The feeding section is composed of a coplanar waveguide (CPW) transmission line with a characteristic impedance of 50 Ω and a proper rectangle stub, which is used for exciting the resonant modes. The I-shaped and inverse L-shaped narrow slits in the ground plane and L-shaped conductor strip in the slot will be used to realize three notched bands. With the proposed techniques, the antenna has the ability to reduce the EMIs in three out-of-band operations and the notched bandwidths can easily be controlled. Additionally, the proposed antenna has a very simple geometry that can be easily fabricated on a single side of substrate, resulting in low cost. All of the details of the proposed antenna design, the parametric study, and the experimental validation of the prototype antenna will be presented in the following sections.
Antenna Design
In order to design and optimize the proposed antenna, CST software was employed. The designed antenna was on one metallic side of the FR4 substrate with a thickness of 1.6 mm, with a dielectric constant of 4.4, and a loss tangent of 0.019. The designed antenna evolution is shown in Figs. 1(a)-(d). All of the simulated results of |S 11 | are shown in Fig. 1 (e) . The design procedures were as follows. First, the original printed slot antenna was designed, where the conductor ground plane area was determined to be 33  33 mm 2 , as shown in Fig. 1 (a) . The conductor ground plane was etched out with a trapezoid slot shape for broadband impedance matching [21] . The 50  CPW transmission line fed to a rectangle stub was used for exciting at the resonant frequencies. By optimizing the size of the exciting stub and its position, three resonant frequencies were generated. A broad bandwidth of 5.62 GHz (2.38 to 8 GHz) defined by the |S 11 | ≤ -10 dB was obtained, as shown in Fig. 1(e) . It was obviously seen that the first resonant frequency was the fundamental or dominant mode corresponding to the width of the slot and the third resonant frequency was its higher mode operation of the antenna. The second resonant frequency was obviously generated by the exciting stub. Clearly, the impedance bandwidth of the original antenna covered all of the WLAN/WiMAX frequency bands. However, the EMIs affecting the other wireless systems caused by the out-of-band operations at frequency ranges from 2.8 to 3.3 GHz, 3.8 to 5 GHz and over 6 GHz had to be mitigated. In order to remedy this problem, the frequency rejection had to be realized. Second, by embedding two pairs of narrow slits into the conductor ground plane, whose lengths corresponded to half guide wavelengths ( g /2) of the rejected frequencies, two notched bands (2.8 to 3.3 GHz and 3.8 to 5 GHz) were obtained. The length of each narrow slit (l x ) was calculated from 
In (1), l x is the length of the narrow slit, f notch is the rejected frequency, and  r is the dielectric constant of the substrate. The I-shaped narrow slits were embedded symmetrically on both sides of the slot in the conductor ground plane, where each length was set to be 13 mm, as shown in Fig. 1(b) . The notched band of 0.3 GHz (2.9 to 3.2 GHz) at the resonant frequency of 3.17 GHz was achieved as shown in Fig. 1(e) . The overall length of the I-shaped narrow slits (2  I1) was approximately a half guide wavelength at a frequency of 3.17 GHz (26 mm). In order to obtain the frequency rejection from 4 to 5 GHz, a pair of inverse L-shaped narrow slits was embedded into the conductor ground plane, as shown in Fig. 1(c) . The length of each inverse L-shaped narrow slit (L1) was determined to be 9.5 mm using (1). Therefore, the overall length (2 × (L1 + L3)) was approximately a half guide wavelength at the resonant frequency of 4.6 GHz (19 mm). Although an antenna with two notched bands was obtained, the electromagnetic interference still appeared at frequencies higher than 6 GHz. Then, in order to reduce the energy emission in this band, a small L-shaped conductor strip with a length of a half guide wavelength at the rejected frequency was integrated and placed between the exciting stub and the border of the slot, as shown in Fig. 1(d) . It was found that the frequency higher than 6 GHz was rejected, as shown in Fig. 1(e) . Therefore, the electromagnetic interference at this band was reduced. Additionally, the impedance matching of the third operation band was improved. It was clearly seen that the antenna in Fig. 1 Fig. 1(f) .
(f) 
Effect of Narrow Slits and Conductor Strip Length
Three resonant frequencies with a broad impedance bandwidth from 2.38 to 8 GHz were generated by the original antenna. In order to mitigate the EMIs caused by the out-of-band operation, I-shaped and inverse L-shaped narrow slits were embedded in the conductor ground plane and a small L-shaped conductor strip was placed in the slot. Even though undesired frequency rejection was achieved, these elements directly affected the antenna characteristics.
Therefore, the parametric studies of the mentioned elements were investigated by altering their lengths and positions, whereas other parameters were fixed. Figure 2(a) shows the |S 11 | simulation results when the I1 parameter was altered. The results show that the resonance of the first rejected frequency altered from 3.4 to 3 GHz, while the I1 parameter varied from 12 to 14 mm. The proper notched band of 0.3 GHz (from 2.9 to 3.2 GHz) was obtained when the I1 parameter was set to be 13 mm and the overall length (2 × I1) was 26 mm. The length was approximately a half wavelength, corresponding to (1) . Although the varying of I1 had no effect on the first and third operation bands, there was a high effect on the impedance matching of the second band. When I1 parameter was decreased, the resonances of the rejected frequencies were generated close to the operating band of 3.5 GHz. The electromagnetic coupling between the exciting stub and the I-shaped narrow slits was increased. As a result, the impedance matching was worse. With a proper value of I1, the appropriate band notching and impedance matching of the second operating band were achieved. The results show that the resonance of the second rejected frequency altered from 4.9 to 3.9 GHz when L1 parameter was changed from 8.5 to 11.5 mm. There was no effect on the first and third rejected frequencies. The notched band of 0.7 GHz with a frequency range from 4.1 to 4.8 GHz was obtained as L1 was set to be 9.5 mm. The overall length of the inverse L-shaped narrow slits (2 × (L1 + L3) = 19.88 mm) was approximately a half wavelength of the frequency of 4.6 GHz. There was no effect on the first operation band; however, there were high and moderate effects on the impedance matching of the second and third operation bands, respectively. However, when this rejected frequency band was generated close to the second or third operation band, the impedance matching of those bands became worse. This mismatching was caused by the increment of the electromagnetic coupling between the inverse L-shaped narrow slits and the radiating parts. show that when L2 parameter was decreased, the resonance of the third rejected frequency slightly moved from 6.125 to 7.15 GHz. As a result, the upper edge frequency of the third operation band gradually increased and vice versa. Additionally, the impedance matching of this operation band was also improved when L2 was decreased due to the decrement of the electromagnetic coupling between the exciting stub and the L-shaped conductor strip. The proper length of L2 parameter of 11.15 mm provided the third operation band covering 4.8 to 6.1 GHz suitable for WLAN/WiMAX systems. There was no effect on the other operation bands. The overall length (L2 + L4) was approximately a half wavelength of the rejected frequency of 6.8 GHz corresponding to (1).
Position of Narrow Slits and Conductor Strip
As mentioned, the rejected frequencies and notched bandwidths of the proposed antenna were varied with the lengths of the narrow slits and conductor strip. However, their positions also affected the antenna characteristics. Figure 3(a) illustrates the simulated results when the position of the I-shaped narrow slits, denoted by d1 parameter, was varied. It was found that this parameter had greater effects on the first notched band but there were no effects on the others. It was also seen that when d1 parameter was increased, the notched bandwidth increased due to the increment of the electromagnetic coupling between the radiating parts and the narrow slits and vice versa. Additionally, while d1 was increased, the center of the rejected frequency slightly shifted to lower a frequency and the impedance matching of the second operation band gradually worsened. Further, the first resonant frequency was slightly shifted to a lower band and vice versa. By adjusting the proper value of d1 parameter, the appropriate notched band of 0.35 GHz (2.9 to 3.25 GHz) was achieved. Figure 3 (b) depicts the simulated |S 11 | whereas the position of the narrow inverse L-shaped slits, denoted by p1 parameter, was altered. It was seen that there was little effect on the second notched band. When p1 parameter was increased, the entire notched bands slightly moved to higher frequencies and vice versa. There was little effect on the impedance matching of any of the operation bands. The simulation results when the distance between the exciting stub and L-shaped conductor strip denoted by d2 parameter varied, as shown in Fig. 3(c) . The results show that when the L-shaped conductor strip was moved far away from the exciting stub, the third rejected frequency (> 6 GHz) moved up. As a result, the upper edge of the third operation band slightly shifted to a higher frequency and vice versa. This was due to the increment of the electromagnetic coupling between the radiating part and the L-shaped conductor strip and vice versa. The optimal d2 parameter of 3 mm provided the proper upper edge of the third band. There were no effects on the other operation bands. Figure 3(d) depicts the simulation results whereas the height of the exciting stub denoted by T1 parameter was altered. The results show that the increment of T1 can improve the impedance matching of the first and third operation bands simultaneously and vice versa. The contrary effect occurred for the second band. It was obvious that the impedance matching of the printed slot antenna was controlled by the exciting stub. Additionally, when T1 was increased, the resonant frequency of the second operation band slightly shifted to a lower frequency and vice versa. This is due to the exciting stub acting as the major radiation part of this band.
Current Distributions
For greater understanding of the antenna operation and the limitation of the EMIs, the vector surface current distributions were simulated as shown in Fig. 4 . Figures 4(a) to (c) display the vector surface current distributions along the conductor around the slot, which is the main radiator. At the frequency of 2.35 GHz, the vector current distribution strongly concentrated around the slot, as shown in Fig. 4(a) . The current paths generated the fundamental resonant frequency or dominant mode. Each path length was approximately a half guide wavelength. Additionally, the higher mode operation of the antenna occurred at the frequency of 5.5 GHz The vector current was distributed around slot with a periodic of a half path of the dominant mode, where the current strongly concentrated nearly four corners of the slot, as shown in Fig. 4(c) . Figure 4 (b) depicts the vector current distribution at the frequency of 3.5 GHz. It was seen that the vector current concentrated at the lower edge of the exciting stub acting as the main radiator at this frequency. This current path was approximately a half guide wavelength of the resonant frequency. The simulated vector surface current distributions at the resonances of rejected frequencies of 3.1, 4.6 and 6.8 GHz are displayed in Figs. 4(d) to (f), respectively. In Fig. 4(d) , at 3.1 GHz it was found that the vector current distribution strongly concentrated only at the I-shaped narrow slits, meanwhile there were little current distribution at the other parts. On the other hand, almost all energy was absorbed or stored by the I-shaped narrow slits. Therefore, the antenna cannot radiate at this frequency. The limitation of the emission from the antenna was obtained. At frequencies of 4.6 GHz and 6.8 GHz, it was seen that the vector current distributions strongly concentrated only on the inverse L-shaped slits and L-shaped conductor strip as shown in Figs. 4(e) and (f), respectively. Most of the energy was absorbed by these parts, whereas a little vector current leaked to the others. As a result, the antenna cannot radiate power. Therefore, the frequency rejections at 4.6 and 6.8 GHz were obtained. Further, the EMI mitigation of these bands was achieved.
Implementation and Measurement
All of the optimal parameters from the simulation were employed to fabricate the prototype antenna using a single metallic side on the FR4 substrate, as shown in Fig. 5(a) . Photolithographic and chemical wet etching methods were used. For the purpose of measurement, the SMA connector was applied. A comparison |S 11 | between the simulation and the measurement results is shown in Fig. 5(b) . It was found that the measured results showed little discrepancy due to the discontinuity between the SMA connector and the CPW feeding line and fabrication tolerance. The measured results showed that the first band slightly shifted to a higher frequency when compared with the simulation. The measured frequency range was from 2.26 to 2.68 GHz. Although the second band seemed to coincide with simulated results, two resonant frequencies occurred owing to the two current paths on the conductor at the lower edge of the slot and on the exciting stub, as seen in Fig. 4(b) . The second operation band with a bandwidth of 0.81 GHz or the frequency range of 3.28 to 4.09 GHz was obtained using the prototype antenna. For the third band, it was seen that the resonant frequency shifted to 5 GHz with the frequency range covering 4.75 GHz to 6.04 GHz. This was adequate for use with the higher bands of the WLAN/WiMAX systems. It was proved that the prototype antenna provided three impedance bandwidths covering the entire operating frequency bands of the WLAN/WiMAX systems.
Comparisons between the simulated and measured radiation pattern results in xz and yz planes are shown in Figs. 6 and 7, respectively. The simulated and measured co-polarization results are denoted by solid lines with symbols, whereas all of the cross-polarization results are denoted by a solid line with crossed symbols in xz plane at frequencies of 2.5, 3.5 and 5.5 GHz, as shown in Figs. 6(a), (b) and (c), respectively. It was found that the measured copolarization provided nearly omni-directional patterns at all frequencies. A little distortion could be found due to the inevitable disturbance of the signal emission from the connectors. Additionally, high cross-polarizations were generated at all frequencies due to the surface current vector flows along the radiating paths in different directions. Figures 7(a), (b) and (c) show the comparisons of the simulated and measured radiation results in yz plane. The measured co-polarization results showed likely bi-directional radiation patterns at all frequencies, although some distortions were found at a frequency of 3.5 GHz. Additionally, high cross-polarizations were also found.
A broadside gain measurement was set up by placing two identical prototype antennas with a distance of 35 cm. The measurement was then performed using a network analyzer. A comparison of the broadside gain between the measured and simulated results showed good agreement, as shown in Fig. 8 . It was seen that the first band showed a coincidence with both results. At the second and third bands, there were slight discrepancies, where the measured result showed a higher broadside gain than the simulated result. According to the measurement, the average broadside gains of the antenna were 1.67 dBi, 2.75 dBi and 5.5 dBi at the first, second, and third operation bands, respectively. 
Conclusions
In this paper, a broadband slot antenna with narrow slits and a small conductor strip has been proposed so that the undesired frequencies could be rejected, resulting in EMI mitigation. The first two rejected frequency bands were capably controlled by the length of the narrow slits corresponding to approximately a half guide wavelength. Also, a small half guide wavelength conductor strip placed in the slot was used to control the third band. By determining the proper lengths and positions of the added elements, the proposed antenna was able to reduce the EMIs and provide triple band operation with frequency ranges from 2.26 to 2.68 GHz, 3.28 to 4.09 GHz and 4.75 to 6.04 GHz covering all WLAN/WiMAX frequencies. The presented antenna has nearly omni-directional and likely bi-directional radiation patterns in xz and yz planes, respectively. It was proved that the proposed antenna is a good candidate to be used for WLAN/WiMAX applications. 
